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Abstract
Understanding the evolution of spin-orbit torque (SOT) with increasing heavy-metal thickness
in ferromagnet/normal metal (FM/NM) bilayers is critical for the development of magnetic mem-
ory based on SOT. However, several experiments have revealed an apparent discrepancy between
damping enhancement and damping-like SOT regarding their dependence on NM thickness. Here,
using linewidth and phase-resolved amplitude analysis of vector network analyzer ferromagnetic
resonance (VNA-FMR) measurements, we simultaneously extract damping enhancement and both
field-like and damping-like inverse SOT in Ni80Fe20/Pt bilayers as a function of Pt thickness. By
enforcing an interpretation of the data which satisfies Onsager reciprocity, we find that both the
damping enhancement and damping-like inverse SOT can be described by a single spin diffusion
length (≈ 4 nm), and that we can separate the spin pumping and spin memory loss contribu-
tions to the total damping. This analysis indicates that less than 40% of the angular momen-
tum pumped by FMR through the Ni80Fe20/Pt interface is transported as spin current into the
Pt. On account of the spin memory loss and corresponding reduction in total spin current avail-
able for spin-charge transduction in the Pt, we determine the Pt spin Hall conductivity (σSH =
(2.36 ± 0.04) × 106 Ω−1m−1) and bulk spin Hall angle (θSH = 0.387 ± 0.008) to be larger than
commonly-cited values. These results suggest that Pt can be an extremely useful source of SOT if
the FM/NM interface can be engineered to minimize spin loss. Lastly, we find that self-consistent
fitting of the damping and SOT data is best achieved by a model with Elliott-Yafet spin relax-
ation and extrinsic inverse spin Hall effect, such that both the spin diffusion length and spin Hall
conductivity are proportional to the Pt charge conductivity.
∗ thomas.silva@nist.gov
† Contribution of the National Institute of Standards and Technology; not subject to copyright.
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I. INTRODUCTION
The use of nonmagnetic metals with strong spin-orbit coupling (SOC) to generate pure
spin currents via spin-orbit effects is currently an area of intense focus, driven largely by the
promise of efficient electrically-controllable magnetic memory. For this application, the spin
current or spin accumulation generated by SOC in a non-magnetic layer can be used to exert
a torque on an adjacent ferromagnetic (FM) layer—so called spin-orbit torque (SOT)—in
order to excite magnetization dynamics or cause switching. Central to this field of study
is proper characterization of the spin-to-charge conversion that occurs in heavy metal films
such as Pt, Ta, W, and Au. There are many techniques for measuring this conversion,
including ferromagnetic resonance (FMR) spin pumping1, non-local spin valves2,3, thermal
spin injection via the spin Seebeck effect4, spin Hall magnetoresistance5, spin torque FMR6,
and harmonic analysis of Hall effect voltage measurements7. Several groups, using various
techniques8–12, have uncovered a discrepancy when comparing the excess damping and the
spin-to-charge conversion by inverse spin Hall effect (iSHE) contributed by the normal metal
(NM) layer. Specifically, the FM damping exhibits a steep increase with the introduction
of only a very thin (< 2 nm) NM film13–15. Meanwhile, the measured SOT, characterized
by either spin-to-charge conversion via DC iSHE or harmonic Hall technique, develops over
a much longer length length scale16,17. Magneto-optical measurements also demonstrate an
interfacial spin accumulation in Pt due to SHE with a spin diffusion length of about 10 nm18.
Spin memory loss (SML)10,19 and proximity-induced magnetic moments at the FM/NM
interface15 have been invoked to explain the large damping enhancement caused by thin NM
films even when the NM thickness is less than its spin diffusion length. In this model, spin
loss at the FM/NM interface acts as an additional parallel spin relaxation pathway to that
of spin pumping and diffusion into the Pt bulk. From damping measurements alone, the
relative contributions of these mechanisms is not resolvable. In this work, we show that a
self-consistent fit of Gilbert damping and damping-like iSOT versus Pt thickness—where
both sets of data are described by the same spin diffusion length λs—makes it possible to
separate these sources of damping. Furthermore, this data analysis methodology allows for
unambiguous determination of the spin-mixing conductance G↑↓ at the FM/NM interface.
We therefore can ascertain the spin Hall conductivity (or spin Hall angle) without having
to refer to spin transport parameters G↑↓ and λs determined from measurements performed
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on dissimilar samples or theoretical idealized values. For our samples of Pt deposited on
Ni80Fe20(or Permalloy, Py), only 37± 6% of the total damping enhancement from the Pt
film is attributable to spin pumping into the Pt layer when dPt ≫ λs.
II. EXPERIMENTAL TECHNIQUE
The data presented in this work are based on the spectroscopic and complex amplitude
information encoded in VNA-FMR spectra, which yield a measure of the damping and SOT,
respectively. FMR damping extracted from a spectral linewidth analysis20 has been used
extensively to study the damping enhancement due to the spin pumping effect into an NM
adjacent to the FM layer21–24. If such spectra are measured inductively with phase-sensitive
VNA-FMR, it is also possible to analyze the phase and amplitude information of those
spectra to quantitatively extract the field-like (FL) and damping-like (DL) SOT conductiv-
ities, as we have previously described25. These conductivities, σSOTFL and σ
SOT
DL , relate the
AC charge currents produced in the NM layer via iSHE or inverse Rashba-Edelstein effect
(iREE) in response to driven magnetization dynamics in the FM layer. Direct coupling to
the magnetization dynamics via Faraday’s law also drives AC charge currents in the NM
layer, quantified by σFFL. The superposition of these charge currents presents a complex
inductive load to the microwave coplanar waveguide (CPW) used in VNA-FMR measure-
ments, altering the amplitude and phase of the transmitted microwave signal. By Onsager
reciprocity, σSOTFL and σ
SOT
DL measured inductively via inverse spin-charge conversion processes
are equivalent to the spin torque efficiency per unit applied electric field used by Nguyen et
al. in Ref. 17 to describe the forward SOT process25.
A. Samples
To study the Pt-thickness dependence of damping and damping-like iSOT, we prepared
two sample sets, with sputter-deposited metal multilayers consisting of substrate/Ta(1.5)/
Py(dPy)/Pt(dPt)/Ta(3), where thicknesses are indicated in nanometers and are calibrated
with X-ray reflectivity measurements. In the first sample set, the thickness dPy was varied
from 1.5 nm to 10 nm while dPt = 6nm was fixed. In the second set, the thickness dPt was
varied from 2nm to 20 nm with fixed dPy = 3.5 nm. For each sample, an identical control
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sample was prepared, where Pt is substituted with Cu. The Cu thicknesses were chosen to
match the sheet resistance of the corresponding Pt layer, so as to control for Faraday effect
induced currents in the NM layer.
III. RESULTS AND DISCUSSION
A. Py thickness series
From the Py thickness series we focus on three quantities: (1) the FM contribution to
the sample inductance (LFM, as in Ref. 25), (2) the effective magnetizationMeff , and (3) the
Gilbert damping parameter α. From LFM as a function of Py thickness (Fig. 1), we are able
to extract the dead layer thickness, and therefore determine the effective magnetic thickness
of the FM layer. FromMeff , we are able to determine the saturation magnetizationMs (Fig.
2). Lastly, from the Gilbert damping as a function of Py thickness, we can separate the
intrinsic and interfacial contributions to α (Fig. 4). This is a critical first step to determine
the spin pumping and SML contributions to the total damping.
1. Ferromagnetic dead layer measurement
In inductive VNA-FMRmeasurements, the FM layer contributes a frequency-independent
inductance to the S21 measurement according to
25,26:
LFM =
µ0ldFM
4Wwg
η2(z,Wwg) (1)
where µ0 is the permeability of free space, l is the sample length along the CPW signal
propagation direction, dFM is the deposited FM thickness, Wwg is the CPW signal line
width, and η(z,Wwg) ≡ (2/π) arctan(Wwg/2z) is the spacing loss, ranging from 0 to 1, due
to a finite distance z between sample and CPW. When plotted vs. dFM, the LFM = 0
intercept indicates the magnetic dead layer thickness. From the data in Fig. 1, we find
ddead = (0.5± 0.1) nm for Py/Pt samples. Also shown are the data for Py/Cu control
samples, which exhibit a similar dead layer thickness of (0.41± 0.04) nm, suggesting that
the Py dead layer exists primarily at the Ta/Py interface.
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2. Determination of Ms
The effective magnetizationMeff as a function of applied microwave frequency is extracted
from the FMR spectral fits and the Kittel FMR condition for magnetization oriented out of
the film plane27:
Hres =
ω
γµ0
+Meff (2)
where Hres is the center field of the resonant absorption line, ω is the applied microwave fre-
quency, and γ = gµB/~ is the gyromagnetic ratio. Assuming the Py has no bulk anisotropy,
Meff is determined by the saturation magnetization Ms of the material, and the interfacial
anisotropy energy Kint according to Ref. 28:
µ0Meff = µ0Ms −
2Kint
Ms
(
1
dFM − ddead
)
(3)
Therefore, a linear fit of Meff vs. inverse effective FM thickness (Fig. 2) provides a measure-
ment of the saturation magnetization Ms. We find µ0Ms = (1.0671± 0.0001)T, comparable
to previous findings28. Similarly, for Py/Cu we find µ0Ms = (1.0453± 0.0004)T.
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Figure 1. Py-thickness dependent zero-frequency inductance for both Py/Pt and Py/Cu control
samples.
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Figure 2. Meff vs. inverse effective FM thickness (dPy − ddead) for Py(dPy)/Pt(6) and
Py(dPy)/Cu(3.3). Dead layer thickness is determined from Fig. 1.
3. Determination of intrinsic Gilbert damping constant
The total Gilbert damping due to intrinsic and interfacial contributions can be described
by:
α = αint +G
↑↓
eff
(
γ~2
2MsdFMe2
)
(4)
where γ = gµB/~ is the gyromagnetic ratio, g is the spectroscopic g factor, µB is the Bohr
magneton, ~ is Planck’s constant divided by 2π, and e is the electron charge. Ms and dFM
for the Py layer are determined as described above. For the thin FM layers studied here, we
can ignore the contribution from radiative damping29. When plotted vs. 1/(dPy−ddead), we
can extract αint as the infinite-thickness limit of the measured damping. We calculate the
intercept of the data in Fig. 4 using linear regression in order to fix αint = 0.0041± 0.0001,
in good agreement with a previous systematic study of damping in magnetic alloys28.
For the interfacial contribution to the damping (second term in Eq. (4)), the full model we
use for the effective spin-mixing conductance G↑↓eff includes contributions from spin pumping
into Pt via the spin-mixing conductance G↑↓Py/Pt, spin pumping into the Ta seed layer via
the spin-mixing conductance G↑↓Py/Ta, and spin memory loss (SML). (In all instances where
we invoke the spin-mixing conductance, it is to be understood that we are only considering
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Figure 3. Circuit model for angular momentum flow sourced by FMR excitation in Ta/Py/Pt
trilayer. Spin current is drawn into parallel resistance channels provided by spin pumping into the
Ta seed and Pt spin sink layers, as well as spin memory loss.
the real part of said quantity).
G↑↓eff =
G↑↓Py/Pt
1 +
2λs,PtG
↑↓
Py/Pt
σPt(dPt) tanh
(
dPt
λs,Pt
)
+
G↑↓Py/Ta
1 +
2λs,TaG
↑↓
Py/Ta
σTa(dTa) tanh
(
dTa
λs,Ta
)
+G↑↓Py/Pt∆SML (5)
This model is depicted as a network of series and parallel conductance channels for the
flow of angular momentum, treating FMR as an angular momentum potential source, as
depicted in Fig. 3 (also see Ref. 30). The first two terms of Eq. (5) represent spin pumping
into the Pt and Ta layers, respectively. Within those layers, spin is pumped through series
resistances set by the interfacial spin-mixing conductance, and thickness-dependent spin
resistance (which accounts for the exponential spin accumulation profile in the NM layer,
as a solution to the spin diffusion equation, subject to the boundary condition that no spin
current can flow through the distant interface). The final term represents a spin memory
loss channel, where the phenomenological parameter ∆SML can be arbitrarily large. By
multiplying Eq. (5) by the bracketed term in Eq. (4), conductances are converted to the
unitless damping parameters αsp,Pt(Ta) (due to spin pumping into Pt (or Ta)) and αSML (due
to spin memory loss).
Taken together, Eqs. (4) and (5) describe both the NM and FM thickness dependencies
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Figure 4. Total Gilbert damping vs. inverse effective FM thickness (dPy−ddead) for Py(dPy)/Pt(6)
(circles) and Py(dPy)/Cu(3.3) (squares). Dead layer thickness is determined from Fig. 1.
of the damping. As a part of our self-consistent fitting routine (described in Section IIIC,
and using the previously determined value for αint, we fit the Py thickness dependence of α
simultaneously with the Pt thickness dependence (Fig. 7(b)), with G↑↓ and ∆SML as fit pa-
rameters. The result of that simultaneous fit is shown in Fig. 4. Also shown for comparison
are damping data for the Py/Cu controls, which exhibit a drastically reduced spin pumping
contribution (slope), and slightly increased intrinsic contribution (αint = 0.0054± 0.0001).
B. Pt thickness series
For samples where the Pt thickness is varied, the measured values for σSOTFL and σ
SOT
DL —
extracted from our quantitative VNA-FMR complex amplitude analysis25—are shown as a
function of NM thickness in Fig. 5. Two corrections must be made to these values in order
to extract the iSOT due to Pt. First, we subtract the values for σFL and σDL obtained from
the Cu control samples (blue squares) from those of the Pt samples (red circles). Since
we used Cu thicknesses to match the sheet resistance of the Pt samples, this removes the
Faraday contribution. This subtraction also removes any FL or DL iSOT due to the Ta seed
and capping layers. While we do not completely understand the Cu thickness dependence
of σDL, the DL signal is essentially eliminated for Py in isolation, without seed or capping
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(a) (b)
Figure 5. Measured quantities for FL and DL conductivities, for both Pt and Cu control samples,
extracted from complex inductance analysis of VNA-FMR data25. (a) σFL as a function of either Pt
(top axis) or Cu thickness (bottom axis). Linear dependence on NM thickness at large thicknesses
indicates dominance of σFFL term. (b) Same as (a), but for σDL.
layers, which suggests details of the iSOT from cap and/or seed layers are responsible for
the peculiar behavior (see discussion and measurements in Section IIID). In Fig. 6(a), σFL
and σDL after Cu reference subtraction are plotted.
Second, we correct for shunting effects of the iSOT currents. The data of Fig. 6(a) atten-
uate as the Pt thickness is increased. This is attributed to the decreasing sheet resistance
of the metallic stack, which effectively shunts the AC iSOT currents, therefore producing a
weaker inductive response. This is functionally similar to the current divider effect observed
in DC voltage iSHE spin pumping experiments8,9,31,32. However, in our AC iSOT experi-
ments with the sample placed on a CPW with characteristic impedance of 50Ω, the sample
sheet resistance acts as a shunt path in parallel with the CPW characteristic impedance
(inset of Fig. 6(b)). We therefore multiply the σFL and σDL results of Fig. 6(a) by the shunt
factor (1 + Z0/R), where R is the measured sheet resistance of the multilayer stack (Fig.
6(b)).
After application of the shunting correction, the final results for σSOTFL and σ
SOT
DL are
10
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Figure 6. (a) FL and DL iSOT conductivities, after subtraction of Cu control samples. (b)
Measured sheet resistance of metallic layers, as a function of Pt thickness. Inset: the sample sheet
resistance acts as a parallel shunting path to the signal generating component of ISOT, which flows
through the characteristic impedance Z0 and R.
presented in Fig. 7(a). These results are shown adjacent to the dependence of the measured
Gilbert damping parameter α on Pt thickness in Fig. 7(b) to compare their evolution with
dPt. The DL conductivity increases monotonically with Pt thickness. Meanwhile, the FL
conductivity remains more or less constant, consistent with the presumption of an interfacial
source of spin-charge conversion such as iREE, where additional Pt beyond 2 nm does not
increase the charge signal further. From Fig. 7(b), it is clear that if the enhanced damping
(second term in Eq. (4)) were ascribed entirely to spin pumping into the Pt, the length scale
necessary to capture the rapid increase in α above the intrinsic value must be much shorter
than the length scale over which σDL is seen to increase in 7(a). In other words, using only
the data for Pt-thickness dependence of damping (Fig. 7(b)), it is impossible to separate the
different contributions to G↑↓eff . Several other groups have observed this apparent discrepancy
when comparing damping with DC voltages measured by iSHE8–10. In this work, we are
able to resolve the discrepancy through a self-consistent fit of both the damping data and
σSOTDL versus Pt thickness.
Although we measure only a 3% enhancement of damping as dPt increases from 2nm to
20 nm, given the high signal-to-noise ratio of the damping data, it can be fit with Eq. (4)
11
(a) (b)
Figure 7. (a) Final values for σSOTDL and σ
SOT
FL for Py(3.5)/Pt(dPt). The FL torque remains constant
over the range of studied thicknesses, whereas the DL torque increases with a characteristic length
scale. (b) Gilbert damping for the same sample series (error bars are smaller than symbols). Color
coding indicates different contributions to the Gilbert damping. Both the SOT conductivity and
damping are fit to four different models, where spin relaxation is either EY or DP, and the spin
Hall effect arises from intrinsic (int) or extrinsic (ext) processes. In both cases EY + ext (black
solid line) provides the best fit, as determined by a χ2 analysis.
and (5) by use of the same spin diffusion length that describes the behavior of σSOTDL , as
discussed in detail later. Because of the better dynamic range of the σSOTDL data, we use it
as the basis for establishing λs by fitting with a model provided by Haney et al.
33:
σSOTDL = σSH


(1− e−dNM/λs)2
(1 + e−2dNM/λs)
|G˜↑↓|2 + Re(G˜↑↓) tanh2
(
dNM
λs
)
|G˜↑↓|2 + 2Re(G˜↑↓) tanh2
(
dNM
λs
)
+ tanh4
(
dNM
λs
)


ǫ (6)
where G˜↑↓ = G↑↓2λs tanh(dNM/λs)/σ, σ represents the NM charge conductivity, and ǫ ≡
αsp,Pt/(αsp,Pt + αSML) represents the fraction of spin current pumped out of the FM that is
available for spin-charge conversion in the Pt layer, as determined by the the spin current
divider model applied to the first and last terms of Eq. (5).
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C. Self-consistent fit routine of damping and SOT
To perform the self-consistent fits of σSOTDL and α, an initial fit of σ
SOT
DL is performed to
extract the Pt spin diffusion length λs,Pt. This is then used as a fixed parameter in Eq. (4)
and (5) when fitting α. With this constraint on λs,Pt, the Pt and Py thickness series (Figs.
7(b) and 4, respectively) are fitted simultaneously with Eq. (4) and (5) to determine G↑↓Py/Pt
and ∆SML. These are then put back into Eq. (6) to re-fit σ
SOT
DL and extract refined values for
σSH and λs,Pt. This process is iterated until the change in fit parameters is less than 0.01%.
Our self-consistent data analysis is tantamount to enforcing Onsager reciprocity on the
spin-to-charge interconversion processes of spin pumping and spin torque34. If the enhanced
damping of Fig. 7(b) were ascribed purely to spin pumping, it would imply that the Pt
already draws a maximum amount of spin current from the precessing FM at thicknesses of
only ≈ 2 nm. By contrast, a damping-like torque conductivity that continues to increase for
thicknesses up to 10 nm (Fig. 7(a)) suggests that the Pt layer can continue to generate (or
draw) increasingly larger spin current for thicknesses well beyond 2 nm. The use of unequal
length scales to describe diffusive spin current flow due to spin pumping and spin-orbit
torque generation would violate the reciprocity of spin-to-charge interconversion.
Equations (5) and (6) can be used either with an Elliott-Yafet (EY)35,36 or D’yakonov-
Perel’ (DP)37 spin relaxation model. In the EY case, the spin diffusion length is a function
of the charge conductivity: λs(σ(dNM)) = (σ(dNM)/σbulk)λ
max
s . The thickness-dependent
conductivity and bulk conductivity σbulk are both determined by four-probe resistance mea-
surements (see Section VA). By contrast, for DP spin relaxation, λs is independent of charge
conductivity13. Additionally, the spin Hall conductivity in Eq. (6) can be attributed to in-
trinsic or extrinsic SOC. For intrinsic spin Hall, σSH is independent of charge conductivity,
while for extrinsic SHE, σSH(dNM) = θSHσ(dNM), where θSH is fixed. Fits using the four
combinations of these models are shown in Fig. 7, with results collected in Table II. To
distinguish between the quality of fit for the different models, we utilize a χ2 test.
The χ2 values for each fit of the SOT and damping data is calculated as χ2 ≡
∑n
i (yi −
fi)
2/σ2i , where yi is the measured value, fi is the calculated value based on the fit model,
and σ2i is the measured variance, for each of n measurements. Results are shown in Table
I. Using the cumulative distribution function (CDF) of a χ2 distribution for each fit, with
ν = n − p degrees of freedom, and p fit parameters, we also calculate the joint probability
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Fit model χ2 (SOT) χ2 (damping) Joint Probability
EY + ext 0.668 3.696 0.89
EY + int 3.123 12.032 0.11
DP + ext 8.149 5.715 0.07
DP + int 8.819 6.101 0.05
Table I. χ2 values for SOT fit (Fig. 7(a)) and simultaneous damping fit (Figs. 7(b) and 4). The
joint probability represents the confidence with which we can reject the null hypothesis.
with which we can reject the null hypothesis in which there is no relationship between our
measurements and the given model. The CDF is determined by
CDF(χ2) =
χ2∫
0
tν/2−1e−t/2
Γ(ν/2)2ν/2
dt (7)
where Γ(x) = (x− 1)!. The joint probability is calculated as the product of (1− CDF(χ2))
for the two fits. The EY/extrinsic model provides the highest confidence that we can reject
the null hypothesis. Because this analysis reveals EY spin relaxation with extrinsic SHE as
the best fit to our data, we focus on the fitted parameters from that model combination in
the discussion below.
By choosing to enforce reciprocity, we find that the fraction of spin current absorbed by
the Pt layer (which produces the damping-like AC charge currents) reaches a maximum of
(37 ± 6)% for the thickest Pt layers. This is comparable to previous findings of large SML
at Co/Pt interfaces38 and Pt/Cu interfaces19. The different contributions to the total mea-
sured damping are represented as shaded areas in Fig. 7(b), with a color code to match Fig.
3. Note that only the contribution from spin pumping into Pt is Pt-thickness dependent.
The self-consistent fit also results in a spin diffusion of length of λmaxs,Pt = (4.2± 0.1) nm,
G↑↓ =(1.3± 0.2)× 1015Ω−1m−2, which is in good agreement with the maximum theoret-
ical value for Pt of G↑↓ = 1.07× 1015Ω−1m−239, given the estimated error, and σbulkSH =
(2.36± 0.04)× 106Ω−1m−1. This corresponds to a spin Hall angle of 0.387 ± 0.008. While
this θSH is among the largest reported for Pt
40,41, it is a necessary logical conclusion that with
less spin current driven into the NM (on account of SML), a larger spin-to-charge conversion
efficiency is required to fit the data than would be otherwise obtained if the SML were negli-
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gible. We furthermore stress that the phenomenological value for σSOTDL (the asymptotic value
in Fig. 7(a)) is comparable to that measured with other techniques (5.8× 105Ω−1m−1 for
AlOx(2)/Co(0.6)/Pt(3)
7, 4.8× 105Ω−1m−1 for Ta(2)/Pt(4)/Co50Fe50(0.5)/MgO(2)/Ta(1)
41,
and ≈2.5× 105Ω−1m−1 for Ta(1)/Pt(dPt)/Co(1)/MgO(2)/Ta(1)
17). This indicates consis-
tency of the SOC strength of the Pt layers in each of these experiments, and stresses the
importance of characterizing spin loss mechanisms to optimize SOT for magnetic switching.
Our finding that the data are best fit with an extrinsic SHE model is somewhat surprising,
given that it conflicts with some previous experimental work17 and theoretical expectations42.
Qualitatively, both intrinsic and extrinsic SHE models are seen to describe the data quite
well, given that the fit parameters can adjust to compensate for differences in the models,
as is seen by the various fits in Fig. 7(a). Nevertheless, the χ2 analysis makes a clear
distinction. Finally, the value for σSH determined here is more than 5 times larger than
the 0K prediction by Guo et al. (using their result of σxy = 2.2 × 10
5(~/e) Ω−1m−1, and
setting σSH = 2σxy to account for the total spin current due to both up and down spins
42).
This implies that the extrinsic effect dominates in our sputtered thin film systems where
interfaces and crystal defects likely play a major role in determining the spin-orbit physics43.
It is possible that some amount of intrinsic SHE is present in addition to the extrinsic
effect, as discussed by Sagasta, et al.3. In that work, the authors show that the total effective
spin Hall conductivity σeffSH can be described by:
σeffSH = σ
int
SH + θSHσPt (8)
where σintSH is the intrinsic spin Hall conductivity, and the second term describes the extrinsic
effect as we have modeled it here. The Pt conductivities studied here (from≈3× 106Ω−1m−1
to 6× 106Ω−1m−1) fall within the transition from intrinsic- to extrinsic-regimes, as described
in Ref. 3. Therefore, depending on the details of the spin and momentum scattering that
govern θSH, the extrinsic term in Eq. (8) can easily be the dominant effect. Furthermore,
we see no evidence of a large interfacial source of spin Hall conductivity, as in Ref. 44, which
would manifest as a non-zero intercept of σSOTDL in the limit of dPt → 0.
15
Fit model G↑↓
(
×1014 Ω−1m−2) ǫ =
αsp,Pt
(αsp,Pt + αSML)
λs (nm) σSH
(
×106 Ω−1m−1) θSH =
σSH
σPt
EY + ext 13± 2 (0.37 ± 0.06) 4.2± 0.1 2.36 ± 0.04 0.387 ± 0.008
EY + int 5.6± 0.1 (0.20 ± 0.04) 6.7± 0.3 5.3± 0.3 0.86 ± 0.05
DP + ext 3.0± 0.3 (0.19 ± 0.02) 2.5± 0.2 11.6 ± 0.4 1.91 ± 0.06
DP + int 2.2± 0.3 (0.13 ± 0.02) 3.7± 0.3 13.5 ± 0.5 2.22 ± 0.08
Table II. Comparison of fitted values for G↑↓, ǫ, λs, σSH, and θSH using different models for the
source of spin relaxation (EY or DP) and SHE (intrinsic or extrinsic). For EY models, the spin
diffusion length is reported as λmaxs .
D. Isolating the normal-metal layer contribution to sample inductance
To better understand the influence of the normal metal layers (Ta seed, Pt or Cu spin
sink, and Ta cap) on the perturbative inductance—and hence, the extracted FL and DL
conductivities—that the sample contributes to a VNA-FMR measurement, we measured
several control samples. First, we inserted an AlOx layer between the Py and the Pt in
order to block spin pumping into the Pt45. To do so, 1 nm of Al was sputter deposited
onto the Py and subsequently oxidized for 10 minutes under 5Torr of O2. The AlOx layer
deposition and oxidation steps were repeated 1, 2, or 3 times, to ensure complete blocking of
spin pumping. As can be seen in Fig. 8(b), the AlOx layers effectively reduce the damping
by blocking spin pumping. This reduction correlates strongly with a reduction in σDL,
confirming its signature as the damping-like conductivity.
By contrast, σFL actually changes sign with the introduction of the AlOx layers (Fig.
8(a)). The contribution to σFL by Faraday-type pickup in the Pt cannot be eliminated by
the AlOx barrier, since the Pt can still inductively couple to the precessing magnetization
in the Py. The Faraday contribution clearly adds a negative contribution to σFL, as σFL
becomes increasingly negative with thicker Pt and Cu layers, as in Fig. 5(a). Therefore, the
AlOx barrier might eliminate the σ
SOT
FL contribution at the top Py interface. Nevertheless,
even for Py deposited directly on SiO2 (open square symbol), there remains a negative total
σFL, perhaps due to the interface asymmetry that remains between the top and bottom Py
interfaces.
The control samples also elucidate the impact of the Ta layers on our measurements. We
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note that Eq. (5) does not explicitly include SML at the Ta interface. Using the data from
Fig. 8(b), we find that this simplification is justified. For these samples, we measured a
total damping of αtot = 0.0104± 0.0002. If we set G
↑↓
Py/Ta = 7.4× 10
14Ω−1m−2 (the Sharvin
value for Ta39), and use our measured conductivity of σTa = (8.91± 0.02)× 10
5Ω−1m−1, we
obtain αsp,Ta = 0.004 (the amount depicted in Fig. 3). Therefore, when damping pathways
into the Pt are blocked, the intrinsic damping plus spin pumping into the Ta accounts for
all but 0.0023 of the total damping. Assigning this small amount of excess damping to SML
at the Ta interface would reduce the contribution of SML at the Pt interface by less than
20% and the values for spin Hall conductivity and spin Hall angle in Pt by only 10%.
Finally, we fabricated samples without any seed or capping layers. For Py(5) deposited
directly onto SiO2, σDL is only 5% of its value for Py(3.5)/Pt(6) (see open circle data point in
Fig. 8(b)). The residual damping (beyond the intrinsic value) and damping-like conductivity
for this sample could stem from the oxidized top surface or interfacial asymmetries, as well
as less-than-optimal Py crystal structure, since no Ta seed layer was used.
In the cases of both σFL and σDL, some residual signal remains even when spin pumping
into the Pt is effectively blocked, or the seed and capping layers are eliminated entirely.
Therefore, it is not surprising that even for our control samples in which Pt is replaced with
Cu (with its weak spin-orbit interaction), some weak sources of spin-to-charge conversion
(interfacial or otherwise) persist.
IV. CONCLUSION
To summarize, by use of simultaneously acquired damping and iSOT data, we are able
to properly assign the portions of damping enhancement incurred by a FM/NM bilayer
due to the parallel channels of SML and spin pumping into the NM. These results suggest
that Pt is indeed a promising material for spintronic applications. Our data also validate
previous suggestions that interface engineering will be crucial for the optimization of SOT
in multilayer systems10,38,40,41.
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(a) (b)
Figure 8. (a) FL and (b) DL conductivities for samples with AlOx [×n] (where n = 1, 2, or 3)
blocking layers inserted between Py(3.5) and Pt(6). Also shown is a sample in which Py(5) is
deposited directly onto SiO2 (open symbols). Note that Py(3.5)/Py(6) (direct contact) was re-
grown and re-measured as a part of the AlOx series (duplicate data points for zero AlOx repeats).
The lower data point for both σFL and σDL at zero AlOx layers is that from the main text.
V. APPENDIX
A. Pt thickness-dependent resistivity
To extract the Pt contribution to the total measured stack resistance, we have developed
a model for the metallic multilayer stack to account for different conductivities in the bulk
and at the metal interfaces. In this model, the interfacial conductivity σint at the Py/Pt
interfaces decays exponentially to the Pt bulk value, 1/ρ0, with increasing distance from
the interface. Position-dependent conductivity through the Pt thickness can therefore be
approximated as the sum of bulk and interfacial contributions:
σ(z) =
1
ρ0
[
1− exp
(
−z
σintρ0λ
)]
+ σint exp
(
−z
σintρ0λ
)
(9)
where ρ0 is the bulk resistivity, σint is the interfacial conductivity, and λ is the bulk mean free
path. The length scale σintρ0λ describes the effective thickness over which the conductivity
is determined by σint. When σ(z) is integrated over the Pt thickness from z = 0 to z = dPt,
we obtain a final result for thickness-dependent resistivity:
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Figure 9. Thickness-dependent resistivity, measured for subtstrate/Ta(1.5)/Py(3.5)/Pt(dPt)/Ta(3)
as a function of Pt thickness.
ρ(dPt) =
ρ0[
1 +
(
σintρ0λ
dPt
)
(ρ0σint − 1)
[
1− exp
(
−dPt
σintρ0λ
)]
+
(
1
Rother
)(
ρ0
dPt
)] (10)
where Rother represents the sheet resistances of any fixed-thickness metallic layers (here,
Py and Ta). We use a calculated mean free path for our samples (12.79nm) by scaling
a literature value46 (13 nm) by the ratio of our measured bulk resistivity to the literature
value for bulk resistivity. From the fit in Fit. 9, we obtain σint = (1.29± 0.09)× 10
6Ω−1m−1,
ρ0 = (1.63± 0.01)× 10
−7Ωm, and Rother = (138± 3)Ω. These values are used to obtain
the thickness-dependent conductivity of the Pt layer, required in Eqs. (5) and (6).
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